Introduction
The cycling of nitrogen (N) plays an important role in our environment and ecosystem. Primary production by photosynthesis is directly related to the N cycle and the productivity of many ecosystems is known to be controlled by N availability [1] . One of the important parameters in the N cycle of oceans is N uptake by phytoplankton, which depends on light and substrate availability [2] and acts as a regulator of primary and export production in the ocean.
The part of primary production that is supported by external nitrogenous inputs of upwelled, riverine or aeolian origin introduced in the euphotic zone is known as new production, whereas regenerated production is defined as that part of the primary production which sustains on recycled nutrients like NH 4 + and urea, within the euphotic zone [3] . Classically, NO 3 − uptake is considered as new production and NH 4 + (and urea) uptake as regenerated production. The fraction of the total N uptake that is new is called the f -ratio and represents the probability that a N atom is assimilated by phytoplankton due to new production; likewise (1-f ) is the probability of assimilation by regenerated production [4] . Due to its inextricable link with the export production, the proper understanding of new production and nutrient regime of different oceanic regions is of utmost importance in the global carbon cycle [5, 6] .
The Arabian Sea constitutes the northwestern (NW) part of the Indian Ocean and encompasses an area of around 6.2× 10 6 km 2 [7] . Although the Arabian Sea is one of the smallest ocean basins, its unique geographical setting makes it an interesting site for biogeochemical studies. The uniqueness of the Arabian Sea lies in the influence of seasonally reversing monsoonal wind forcings on the biogeochemical cycling. The wind over the Arabian Sea blows from the northeast 2 International Journal of Oceanography (NE) during mid-November to February producing the NE monsoon (NEM) and reverses direction during June and starts blowing from the southwest (SW) giving rise to the SW monsoon (SWM), which persists until September. The transition periods such as October-November and MarchMay are known as Fall (FI) and Spring Intermonsoon (SI), respectively [8] .
In general, the NEM is characterised by moderate strength, relatively cool, and dry winds [9] . The low relative humidity and lower air temperature compared to the sea surface temperature (SST) result into negative net heat flux, that is, net flux of heat from the ocean to the atmosphere leading to increased evaporation and surface salinity [10] . The dense saline surface water sinks causing convective mixing and consequently deepening of the mixed layer that erodes the nutricline. Dickey et al. [11] have observed seasonal mixed layer depth (MLD) as deep as 100-120 m during the NEM. Convective mixing has been observed in different parts of the Arabian Sea during the NEM [9, 12, 13] except regions adjacent to the coast of Oman [14] .
The upwelling and convective mixing bring enormous amounts of nutrient rich deep water into the surface layer of the Arabian Sea, leading to increases in primary productivity. Primary productivity higher than 1.5 gC m −2 d −1 during the NEM compared to 1.03 gC m −2 d −1 during the SI has been measured in the western and the central Arabian Sea [15] . Madhupratap et al. [12] have reported a more than doubling in biological productivity from the SI (310 mgC m
in the NE Arabian Sea. The western and the NW parts of the Arabian Sea have been the focus of attention of scientists worldwide due to relatively high productivity and were studied thoroughly during JFOFS (Joint Global Ocean Flux Study, 1994 . The NE part, that is, off India, has also been studied for different physical, chemical, and biological parameters [12, 13, [16] [17] [18] . However, unlike the western and the NW Arabian Sea, which have been studied thoroughly for N-uptake dynamics, limited number of stations have been covered in the NE Arabian Sea in this regard [19] [20] [21] .
During this study, we present NO 3 − and NH 4 + uptake rates in the NE Arabian Sea during January 2003 and NO 3 − uptake rates during late February-early March 2003 (henceforth Feb-March). These two time periods (4-17th January and 28th February-5th March) are approximately the middle and waning phases of the NEM. We explore changes in N-uptake rates in short span of two months and compare the results with earlier studies from elsewhere in the Arabian Sea. We also deal with the effect of winter cooling on NO 3 − uptake and explore the modes of nutrient supply for the sustenance of phytoplankton blooms during Feb-March.
Material and Methods
Two cruises were undertaken to study N uptake rates in the NE Arabian Sea during the NEM, 2003. The first cruise was onboard ORV Sagar Kanya (SK-186) from 4-17th January and the second cruise was onboard FORV Sagar Sampada (SS-212) during Feb-March (28th February-5th March). The Figure 1 : Location of stations during the present study. Open (PPs) and filled (FMs) squares are stations covered during January and late February-early March, respectively. cruises did not follow the same tracks during both studies; however, they were mostly in the same region, that is, off Gujarat, India ( Figure 1 ; Table 1 ). Six locations were covered during both cruises. Experiment at only one station was performed in a day. Four out of six stations during January were open ocean stations (PP1 to PP4) and two (PP5 and PP6) were coastal stations. During Feb-March all stations (FM1-FM6) were located in open ocean. Both NO 3 − and NH 4 + uptake rates were measured during January, whereas only NO 3 − uptake rates could be measured during FebMarch as ambient NH 4 + could not be measured during this period due to logistic reasons. Nutrients were measured using an autoanalyzer (SKALAR). The detection limits were 0.1 and 0.01 µM for NO 3 − and NH 4 + , respectively. Water samples were collected from four to six depths at each station to cover the entire euphotic zone. To know the euphotic depth and the percentage of light at the depth of sampling (approximately 100, 80, 64, 20, 5, 1%), a Satlantic radiometer was operated at each station. Apart from the light regime, the radiometer set also provided information regarding water column temperatures. The attenuation of light in the water column was very fast with depth at stations FM3, FM4, and FM5 during Feb-March. These three stations will be considered as bloom stations as the analysis proceeds. It was difficult to differentiate between the corresponding depths for 100 and 80% light levels at these three stations given the length of Niskin bottles (∼1 m). Because of this 4 + and NO 3 − uptake rates, respectively. An attempt was made to add tracers around 10% of ambient concentrations. However, at a few depths additions were higher, particularly for NH 4 + due to very low ambient concentrations. Following tracer addition, samples were incubated in an on-deck water bath after putting the appropriate neutral density filters to simulate the ambient light conditions inside the bottles. Temperature of the water bath was maintained by flowing surface seawater. Samples were filtered on precombusted (4 hours @ 400
• C) 47 mm Whatman GF/F filters after four hours of incubation approximately symmetrical to local noon. Subsequently they were dried and stored for further mass spectrometric analysis. The analysis was performed using a CarloErba elemental analyser interfaced via Conflo III to a Finnigan Delta Plus mass spectrometer. The coefficient of variation observed for 15 N atom% in plankton samples incubated with the NO 3 − tracer was less than 1%, whereas it was less than 4% for samples incubated with NH 4 + tracer. The variability in particulate organic N (PON) for duplicate samples was less than 10%. The equation of Dugdale and Wilkerson [22] was used for uptake rates calculation. Daily uptake rates were calculated by multiplying hourly values by 12 for NO 3 − and by 18 for NH 4 + [22, 23] . Columnintegrated uptake rates were calculated using the trapezoidal integration method from the surface to the euphotic depth. We considered the sum of NO 3 − and NH 4 + uptake rates as the total N uptake and the ratio of the column-integrated NO 3 − uptake to the column-integrated total N uptake as the f-ratio. No time-course experiments were performed to correct NH 4 + uptake rates for isotope dilution [24] , which could have led to underestimation of the NH 4 + uptake rates during the present study [19] . Also, precise nanomolar level measurement of ambient NH 4 + concentration could further improve the accuracy of NH 4 + uptake. Therefore, given these methodological considerations, NH 4 + uptake, and consequently the f -ratio, presented here may be considered as "approximate" rather than "actual".
Chlorophyll a was estimated immediately using standard fluorometric method involving 90% acetone extraction [25] .
Results

Meteorological and Hydrographic Conditions.
In general, the Arabian Sea witnesses a SST difference from the south to the north (north being cooler) during the NEM. During January 2003, the maximum SST of 28.6
• C was observed at the southernmost station (PP1) and the minimum of 24.9
• C at the northernmost station (PP4; Figure 2 (a)). In this region, the SST has been found to decrease at a rate of 0.5
• C per degree latitude during winter [12] . The SST pattern during Feb-March was almost similar to January, that is, decreasing SST from the south to the north (Figure 2(a) ). Zonal variability in SST (FM3 and FM6, FM4 and FM5) was also seen during this period. Air temperature at all the stations during the study period was less than the local SSTs by at least 0.5
• C (figure not shown). The depth profiles of temperature during January suggested a general increase in the MLD from the south to the north ( Figure 2(b) ; Table 1 ). During the present study, the MLD is defined as the depth where the water temperature is 1
• C less than the SST [13] . These MLD estimates are based on temperature profiles taken during noon and are not the daily average. During January, the MLD increased from 48 m at the southernmost station PP1 to 111 m at the northernmost PP4 ( Figure 2(b) ; Table 1 ). At a few stations in the same region (18) (19) (20) (21) (22) • N), the MLDs during Feb-March were relatively shallower compared to January ( Figure 2(c) ; Table 1 ). This relative shoaling of the MLD from January to Feb-March may indicate a decrease in the effectiveness of winter cooling. However, marked diurnal variability in the MLD has also been noted towards the end of the winter monsoon due to large diurnal oscillation of net air-sea heat flux [9, 26] .
Average wind speed with dominant direction was obtained from the shipboard instrument during the study period. The dominant wind direction during the entire study period was north/northeasterly with an average speed of around 4 m s −1 during January. During Feb-March, wind speeds at the first two stations were around 4.01 and 2.74 m s −1 , respectively, typically in the range observed during January. However, it was more than 8 m s −1 at other stations. The observations and estimates based on QuikSCAT wind data reported in a concurrent satellite-based study [27] have been used for analysing the wind-driven processes during the study period. The average euphotic depth observed at each station during the study period is shown in Table 1 .
Nutrients and Chlorophyll. The vertical profiles of NO 3
− at different stations during January suggested relatively low NO 3 − in the upper 40 m of the water column (<0.5 µM) at the southernmost station (PP1), which increased to >1.2 µM at majority of the northern stations (Figure 3(a) ). At the coastal station PP6, it decreased significantly (<0.3 µM). The NO 3 − profiles during Feb-March (Figure 3(b) ) also indicated relatively low NO 3 − in the top 60 m at the southern station FM1. It was low in the top 25 m at FM2 but increased significantly at the base of euphotic zone. The NO 3 − concentration was considerably higher throughout the water column at the northern stations FM4 (>1 µM) and FM5 (>2.5 µM). One important difference between the bloom and the nonbloom stations during FebMarch was relatively higher NO 3 − in the surface layer at the bloom stations. The NH 4 + concentrations during January were never more than 0.2 µM within the euphotic zone and they were below detection limit at some depths (Figure 3(c) ).
Chlorophyll a during January varied from 0.24 mg m (Figure 4(a) ). We do not have chlorophyll a data for PP6. During Feb-March, wide variation in chlorophyll a (0.08 to 1.6 mg m −3 ) with significantly higher values at the bloom stations compared to the nonbloom stations were observed (Figure 4(b) ). Chlorophyll a at the bloom stations were around or more than 1 mg m −3 (except FM5 at surface ∼ 0.6 mg m Table 1 with latitude-wise presentation in Figure 5(a) (Figure 5(a) ). This higher average value at the coastal locations was mainly due to the NO 3 − uptake observed at PP6 (4.2 mmol N m 3 − uptake from January to Feb-March for the same region (18) (19) (20) (21) (22) • N) remains fivefold (2.3 to 13.0 mmol N m −2 d −1 ). This temporal increase in NO 3 − uptake rate coincided with the significant decrease in euphotic zone integrated NO 3 − concentration at some stations during Feb-March. This was also reflected in increased biomass concentrations. Euphotic zone integrated chlorophyll a was considerably higher during Feb-March, particularly at three bloom stations (>45 mg m −2 ; Table 1 ). At FM5, the euphotic zone integrated chlorophyll a was one of the highest with a typical bloom station euphotic depth of 42 m, but NO 3 − uptake (7.8 mmol N m −2 d −1 ) was significantly lower compared to other two bloom stations (Table 1; Figure 5(b) 3 − uptake was also the lowest ( Figure 5(a) ), but euphotic zone integrated chlorophyll a was in the same range as other stations (Table 1) . − and NH 4 + uptake rates during January, and (b) NO 3 − uptake rates during late February-early March.
Vertical Profiles.
The vertical profiles of uptake rates at different stations suggested subsurface NO 3 − uptake maxima in the top 20 m for two coastal locations (PP5 and PP6) and an open ocean location (PP4) during January (Figure 6(a) ). The southernmost station PP1 showed NO 3 − uptake maxima at 40 m. No such distinct maxima were observed in biomass concentrations at these depths on these locations. The NO 3 − uptake in the top 15 m was quite high at PP6 compared to other locations during January. Subsurface maxima for NH 4 + uptake were observed around 10 m at PP5 and around 42 m at PP1 (Figure 6(b) ). Similar to NO 3 − uptake, NH 4 + uptake was also quite high in the top 15 m at PP6. Two bloom stations (FM 3 and FM 5) during Feb-March showed NO 3 − uptake maxima in the top 20 m. FM4 showed highest uptake on the surface and nonbloom station FM1 at around 40 m (Figure 6(c) ). Both NO 3 − and NH 4 + uptake rates decreased with depth but did not appear to cease completely at the bottom of the euphotic zone.
f-Ratio. The overall variation in f -ratio (NO 3
− uptake: total N uptake) was from 0.15 at PP1 to 0.40 at PP6 with an average of 0.26 (latitude-wise data shown in Figure 7) . The open ocean stations averaged around 0.21, whereas two coastal stations averaged around 0.36. (c) Figure 6 : Vertical profiles of (a) NO 3 − uptake rates during January, (b) NH 4 + uptake rates during January, and (c) NO 3 − uptake rates during late February-early March. To minimize the effect of north-south variability in meteorological conditions, analysis of f -ratios within a relatively narrow spatial region (∼20-∼22
• N; PP3-PP6) was performed. This analysis revealed a significant negative correlation (R 2 = 0.98) between euphotic zone integrated NO 3 − and f-ratio, that is, lower f -ratio in open ocean compared to coastal locations despite higher euphotic zone integrated NO 3 − (Figure 8) , possibly indicating the underutilization of NO 3 − in the open ocean. The relationship remained significant even after inclusion of PP2 (R 2 = 0.71).
Although there are limited numbers of stations, a noticeable increase in f -ratio from the southernmost station (PP1: 0.15) to the northern stations (PP2-PP4: 0.21-0.24) was observed in the open ocean ( Figure 7 ). This is consistent with the decreasing SST and increasing MLD from the south to the north.
Discussion
The proper understanding of the N uptake dynamics of an oceanic region is important to decipher its N cycle.
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The present study, with its focus on the NE Arabian Sea during the middle and the waning phases of the NEM, intended to explore the changes in N uptake potential within this relatively unexplored region. There were limited numbers of stations in this region during JGOFS [N7-N11, 19; N7-N8, 21] and ARABESQUE [A9/2, 20]. Although not directly comparable due to interannual variability and differences in methodological and measurement techniques, we have confined only to the above-mentioned stations of the previous studies for comparison with our stations in the same region (PP2-PP4 during January and FM2-FM5 during Feb-March).
The average NO 3 − uptake rate for January (PP2-PP4 ∼ 1.7 mmol N m −2 d −1 ) during the present study is close to the average NO 3 − uptake rate reported by McCarthy et al. [19] for the same month (N7-N11 ∼ 1.5 mmol N m −2 d −1 ). However, the average NO 3 − uptake rate for Feb-March (FM2-FM5 ∼ 14.9 mmol N m −2 d −1 ) during the present study is significantly higher than previously reported values in the region. Prior to the present study, the highest NO 3 − uptake rate in the Arabian Sea was reported by Watts and Owens [20] at their station A9/2 (9.8 mmol N m −2 d −1 ) during November-December. This station is close to PP1 of the present study but has significantly higher NO 3 − uptake rate, which may be due to temporal or methodological differences.
The average NH 4 + uptake rate during the present study (PP2-PP4 ∼5.6 mmol N m
is considerably lower than the average value reported by McCarthy et al. [19] for January (N7-N11 ∼ 25 mmol N m
). This could be due to potential underestimation of NH 4 + uptake rates during the present study due to the lack of isotope dilution correction. However, A9/2 (8.3 mmol N m −2 d −1 ) had similar NH 4 + uptake as PP1 (9.9 mmol N m −2 d −1 ). Due to lower NH 4 + uptake rates, the average f-ratio during the present study (PP2-PP4 ∼ 0.23) is higher compared to McCarthy et al. [19] (N7-N11 ∼ 0.06).
At all stations during January, NH 4 + uptake was higher compared to NO 3 − uptake and primary production was dominantly supported by NH 4 + based regenerated N (fratio ∼0.26), similar to the observations from other studies [19] [20] [21] . Due to limited data and different aim of the present study, it is not possible to clearly decipher whether this higher NH 4 + uptake was due to relative preference of NH 4 + by phytoplankton or due to inhibition of NO 3 − uptake by the presence of NH 4 + . The preference for reduced (recycled) forms of N such as NH 4 + is well known in aquatic environments [3, [28] [29] [30] due to higher energy requirement for the assimilation of NO 3 − [31] . Inhibition of NO 3 − uptake due to NH 4 + has also been reported [32] . The lower f -ratios at open ocean locations compared to coastal locations and observed negative relationship between euphotic zone integrated NO 3 − and f -ratio ( Figure 8 ) suggest limited NO 3 − utilization in open ocean despite higher NO 3 − availability, possibly due to some physical or biological controls. Suppression of NO 3 − uptake in the presence of NH 4 + [19, 29, 30, 33] or higher than required addition of 15 NH 4 + tracer during the experiments, which can trigger artificial stimulation of NH 4 + uptake [20] , could be possible reasons for lower f -ratio. However, during the present study, the addition of 15 NH 4 + was not large enough to stimulate the artificial uptake as evidenced by absence of correlation (R 2 ∼ 0.006; figure not shown) between the percentages of NH 4 + addition relative to ambient and NH 4 + uptake rates. Another possible reason for limited NO 3 − utilization could be iron and silicon limitation [34] . However, the ranges of iron [35] and silica [14] concentrations are greater than known limiting values in the Arabian Sea during the NEM. Some recent studies suggested combined effect of microzooplankton grazing and diurnal cycling of mixed layer to be another important factor in limited nutrient utilization [36] [37] [38] . However, we do not have data to independently verify this during the present study.
The increase in f -ratio from the southernmost station (PP1) to the northern stations shows the hydrographic and meteorological control on f -ratio ( Figure 7) . Platt et al. [39] have observed that in areas where surface layers are strongly coupled with subsurface layers, new production is a significant fraction of the total production. Deeper mixed layers and high NO 3 − concentrations in the water column at most of the northern stations during January indicate surface-subsurface coupling during the present study (Figures 2 and 3 ). Similar observations have been made elsewhere in the NE Arabian Sea during winter [12, 13] .
The possible reasons for high NO 3 − concentration in the water column at most of the stations during January could be convective mixing due to winter cooling and/or upwelling under the influence of wind. Based on wind speed, specific humidity [40] , and computation of heat and freshwater (Evaporation-Precipitation) fluxes, Madhupratap et al. [12] found convective mixing due to winter cooling to be the most likely reason for the deepening of mixed layers and high nutrient concentrations in the water column of the NE Arabian Sea during winter. Similarities in physical conditions and nitrate concentrations between previous [12, 13] and the present study suggest that winter convection was most likely active during the present study as well. However, calculations performed by a satellite-based study conducted concurrently to the present study also found an evidence of upward Ekman pumping during the study period (PP3; < 0.5 m d −1 ) [27] . It appears that Ekman pumping could be a supplementary factor causing the upward transport of nutrients besides the winter convection-based entrainment [27] . Overall, the trend in SSTs, midday MLDs, and NO 3 − concentrations during January suggest that the winter cooling/upwelling effect was relatively prevalent in the northern part of the study region than the southern, which probably led to relative increase in the f-ratio in the northern region.
Within the same geographical area (18) (19) (20) (21) (22) • N), the average NO 3 − uptake during Feb-March was more than five-fold higher than January. The analysis of sources of NO 3 − available for this high uptake during Feb-March is important. Although the midday temperature profiles during Feb-March indicate relatively shorter MLDs, large diurnal variation in MLDs during this period is known in the Arabian Sea [11, 26] . The lack of diurnal MLDs data during the present study restricts us from predicting the dynamics of nutrient replenishment in the water column by this process, but it may be a possible nutrient source. The calculations (Figure 9 ). This is the minimum estimate of NO 3 − residence time as any additional NO 3 − supplied during the period under consideration was ignored. Also, any possible replenishment of NO 3 − due to deepening of the MLD during night might lead to higher daily integrated NO 3 − compared to the midday values used during the present calculation. The NO 3 − residence times seemed to be independent of MLDs and assuming the same rate of continued removal due to uptake by phytoplankton, NO 3 − entrained during January would remain in the water column for at least 60 days indicating its possible availability during Feb-March.
In general, NO 3 − entrained in the water column through different processes like, winter convection and wind driven Ekman pumping, appears to be source for high NO 3 − uptake during Feb-March. Similar to observations made by Banse and English [41] , there appears to be a time lag between the nutrient entrainment and peak biomass development during the present study as well. The temporal trend of satellite chlorophyll data from OCM (Ocean Colour Monitor; at PP3) shows decline in chlorophyll concentration after first week of January to peak again during Feb-March [27] . The availability of NO 3 − along with increased light conditions due to relatively shallower MLDs possibly triggered the development of a bloom or high NO 3 − uptake [42] . The NO 3 − uptake rates during two different periods, residence time of NO 3 − entrained during January, and temporal trend of satellite-based chlorophyll data suggest that there was a time lag between NO 3 − entrainment and peak uptake of NO 3 − during the present study. McCarthy et al. [19] have also observed disparity between entrainment and uptake rates of NO 3 − , which lead to turnover times of 1 to 3 months over the NEM.
Conclusions
The present study was an attempt to quantify NO 3 − and NH 4 + uptake rates in the NE Arabian Sea during the middle and the waning phases of the NEM. The effect of winter cooling on the f -ratio and increase in NO 3 − uptake during waning phase of the NEM were the major focus of the study. A preliminary evidence of hydrographic and meteorological control on the f -ratio as observed by the increase in fratio from the south to the north was found. However, we recommend additional experiments with extensive physical data to ascertain this evidence. NO 3 − uptake during the bloom in late February-early March was five-fold higher than the NO 3 − uptake in January. Nutrients entrained in the water column during the middle phase of the NEM (January) along with upwelled nutrients due to Ekman pumping appear to be possible source for the development of blooms during the waning phase (late February-early March).
